between egocentric (referred to the subject's body) and allocentric (referred to environmental cues) spatial frames (for reviews, see Howard, 1982; Rock, 1990 ; N. J. Wade, 1992) . Several egocentric reference frames can be defined: (1) a retinocentric reference frame specifically relevant for visual tasks, (2) head-or trunk-centered reference frames implied in both visual and haptic tasks, and (3) a hand-and shoulder-centered reference frame that can be relevant for haptic tasks. The allocentric reference frame can be divided into a gravitational frame defined by the direction of the pull of gravity (geocentric frame) and pattern-centric reference frames defined by visual or haptic contextual cues. In natural conditions, the gravitational, body-centered, and visual reference frames are most often aligned. Consequently, the visual and haptic oblique effects might result from either egocentric or allocentric mapping of orientations. However, in the absence of visual or tactual contextual cues, tilting the head or the body uncouples the gravitational and the egocentric reference frames, allowing us to specify in which reference frame orientations are defined.
In vision, the effect of head or body tilt on the visual oblique effect has been investigated with different tasks, such as visual search (DeFord, Prather, & Essock, 1998 , 1999 , orientation-discrimination (Attneave & Olson, 1967; Buchanan-Smith & Heeley, 1993; Chen & Levi, 1996; Ferrante, Gerbino, & Rock, 1995; Orban, Vandenbussche, & Vogels, 1984) , contrast sensitivity (Banks & Stolarz, 1975; Lennie, 1974) , and vernier acuity (Corwin, Moskowitz-Cook, & Green, 1977; Saarinen & Levi, 1995) . Some experiments using orientation-discrimination tasks showed results in favor of a retinal reference frame (Chen & Levi, 1996; Orban et al., 1984) . In these cases, the most accurately processed orientations were those aligned with the vertical and horizontal retinal meridians, whatever the position of the head. Thus, the visual oblique effect could be located at a low level of visual processing (Furmanski & Engel, 2000) , where the retinotopical mapping of most orientation-selective neurons is preserved. By contrast, other studies showed results in favor of a gravitational reference frame (Attneave & Olson, 1967; Buchanan-Smith & Heeley, 1993; Ferrante et al., 1995) , suggesting the involvement of nonvisual cues, such as vestibular and somesthetic ones. These latter results were consistent with a high level of visual processing of orientation-in particular, a level at which orientation constancy could be achieved.
Most of these contradictory results could be explained by the experimental paradigm used as suggested by Essock (1980) . Indeed, Essock has proposed a distinction between two classes of oblique effects, depending on the nature of the paradigm. The Class 1 oblique effects, obtained in paradigms measuring the basic functioning of the visual system (e.g., acuity, contrast threshold), would be tied to retinal coordinates. The Class 2 oblique effects, observed in paradigms reflecting cognitive processes (such as identifying, remembering, or categorizing the orientations of stimuli), could be tied to another reference frame, such as the gravitational reference frame. Chen and Levi (1996) have pointed out other factors that could explain the apparent inconsistency in the studies using orientation-discrimination tasks: (1) The countertorsion of the eyes (see Bles & de Graaf, 1991; de Graaf, 1990) provoked by body or head tilt, which could lead to an apparent gravitational mapping if it is not taken into account, (2) the length of the stimuli (long stimuli could enhance a retinal reference frame), (3) the tilted segment (tilting the head alone while keeping the trunk aligned with gravity could favor a gravitational mapping), and (4) the presence of an explicit spatial reference (parallel or perpendicular line) during the task, which could enhance a retinal reference frame.
In haptics, as was noted by Essock, Krebs, and Prather (1997) , the effect of body tilt on the oblique effect has not yet been investigated. However, in a connected field, Van Hof and Lagers-van Haselen (1994) have studied the effect of body tilt on orientation-discrimination by the proprioceptive system. In this experiment, the authors asked sitting blindfolded subjects to grasp two rods simultaneously, one with each hand, and to judge whether these rods were parallel or not. Four orientations were studied (vertical, horizontal, 45º and 135º egocentrically defined orientations) in two postural conditions (body erect and body tilted 45º left). The results favored a gravitational reference frame, since more accurate performances were observed in the gravitationally defined vertical and horizontal orientations than in the gravitationally defined oblique orientations, whatever the body position. However, one result found of their experiment, which they did not discuss, was that tilting the body increased the threshold of discrimination, especially for the gravitationally defined vertical and horizontal orientations. This result would be difficult to explain if orientations had been encoded in a purely gravitational frame. Actually, the deviation of the apparent vertical provoked by head or body tilts could explain this result.
In darkness, head or body tilts are known to induce constant deviations and to decrease the precision of the perception of the physical vertical (for a review, see Howard, 1982) . Adjustments are displaced either in the direction of the postural inclination (the Aubert or A-effect) or in the opposite direction (the Müller or E-effect). The direction of the subjective vertical (SV; A-or E-effects) depends on the magnitude of tilt and also on the perceptual modality in which the rod adjustments are made (Guerraz, Luyat, Poquin, & Ohlmann, in press; Luyat, 1997) . Although very few experiments have been carried out in the haptic modality, body or head tilts seem to give rise to systematic E-effects in this modality (Balliet & Nakayama, 1978; Bauermeister, Werner, & Wapner, 1964; Guerraz et al., in press ). The origin of the A-and E-effects is unclear and is still debated (see S. Wade & Curthoys, 1997) . These effects have been related to a misperception of the body, the A-effect resulting from an underestimation of body tilt and the E-effect from an overestimation of body tilt. Four main explanatory factors have been proposed by Howard (1982) : (1) the countertorsion of the eyes, which leads to a visual E-effect (overestimation of head tilt) if the system does not take into account the 10% countertorsion of the retinal meridians provoked by head tilt, (2) changes in vestibular inputs, particularly from the otoliths organs, (3) changes in somesthetic inputs arising from contact between the body and the surfaces that support it, and (4) changes in kinesthetic inputs from the joints and musculature of the legs, the back, and in the case of head tilt, the neck.
However, several authors have cast doubt on the assumption that A-and E-effects reflect a misperception of the body (Mittelstaedt, 1983; S. Wade & Curthoys, 1997) . According to Mittelstaedt's (1983) alternative model, the SV is calculated from a gravity vector transduced by vestibular and somesthetic receptors summed with vectors representing the orientation of the observer's own head and body axes (idiotropic vector). Thus, in the case of body tilt, the A-effect reflects the attraction of the SV by the idiotropic vector. In this model, the reverse deviation of the visual SV (the E-effect) has been related to a particular signal coming from the utricule and saccule-in particular, when the utricular signal is reduced relative to the saccular signal (see Mittelstaedt, 1995, and also Parker & Poston, 1984) . On the other hand, according to S. Wade and Curthoys, the deviation of the visual SV provoked by body tilt would be linked to the countercyclotorsion of the eyes. Whatever the factors involved in these tilt effects, A-and E-effects demonstrate that tilted subjects do not have access to a veridical gravitational reference frame but, rather, to a subjective gravitational reference frame that is no longer congruent with the physical one. In haptic modality, for example, a rod aligned with the physical vertical will be perceived as deviating in the direction of the head or body tilt, and as a consequence, the SV, in this case, will deviate in the direction opposite to the head or body. As a result, in a tilted posture, the gravitational vertical orientation could become an oblique orientation for the subject, and the SV could constitute the principal orientation.
The purpose of the present research was to study the nature of the reference frames in which orientations are mapped in the haptic perceptual system. Thus, we investigated the effect of whole-body tilt (Experiment 1) and head tilt alone (Experiment 2) on the haptic oblique effect by using the classical exploration-reproduction task. This haptic perception of orientations is different from the proprioceptive coding of orientations involved in Van Hof and Lagers-van Haselen's (1994) experiment. Indeed, the exploration-reproduction task requires scanning movements of the shoulder-hand system, whereas the proprioceptive task implied only a static coding of rod position. Gentaz and Hatwell (1996) have shown that the scanning shoulder-hand movements are involved in the haptic oblique effect because of the gravitational cues provided by the antigravitational forces developed during scanning. These cues could reinforce, in an upright posture, gravity direction as one axis of reference. Thus, we asked blindfolded subjects, either upright or tilted, to scan a rod with one hand and, after a short delay during which the initial position of the rod was modified, to reproduce the previous orientation with the same hand (the Class 2 oblique effect in Essock's 1980, terminology) . The exploration and reproduction of the rod was carried out in the absence of tactual contextual cues.
EXPERIMENT 1 Whole-Body Tilt Effects on the Haptic Oblique Effect
The aim of this experiment was to study the effect of whole-body tilts on the haptic oblique effect. In the main exploration-reproduction task, blindfolded subjects were asked to explore a standard orientation in the frontoparallel plane and, after a 5-sec unfilled delay, to reproduce this orientation. Three postural conditions were investigated: standing upright body (UB), body tilted 45º to the left (BL), and body tilted 45º to the right (BR). Five different orientations, defined gravitationally, were proposed: vertical (0º), horizontal (±90º), 45º counterclockwise oblique (245º), 45º clockwise oblique (+45º), and the SV. A first phase estimated the SV of each subject in each postural condition (Phase 1), and this orientation was further tested in the exploration-reproduction task. Moreover, because S. Wade and Curthoys (1997) have suggested that the free scanning of the rod in the haptic modality was not a satisfactory method of assessing the perception of orientation, we measured the SV of each subject (Phase 2) again after the exploration-reproduction task. The procedures used in Phase 1 and Phase 2 were the same.
Three main hypotheses were formulated. If the oblique effect was defined in a gravitational reference frame, the reproduction of the vertical and horizontal orientations should be more precise than the reproduction of the oblique orientations (+45º and 245º orientations), whatever the conditions of postural tilts. By contrast, if the haptic oblique effect was defined in an egocentric reference frame, the reproduction of the oblique orientations (245º and +45º), which are parallel and perpendicular to the body in the tilted conditions, should be more precise than the reproduction of the gravitational vertical and horizontal orientations, now oblique relative to the body axis. However, given the strong body tilt effects on the perception of the vertical, the SV may constitute a reference axis used when the body is inclined. In this latter case, the reproduction of the SV should be more precise than the reproduction of all the other orientations in the tilted postural conditions.
Method Subjects
The subjects were 8 right-handed students in psychology (4 females, 4 males; mean age, 26 years). Their handedness was assessed by Bryden's (1977) five-item hand preference questionnaire (writing, throwing, drawing, using scissors, and using a toothbrush). On the basis of self-report, the subjects had no hearing or vestibular disorders, including diseases with ocular manifestation or motion sickness.
Apparatus
The haptic apparatus. The haptic apparatus was composed of a metal disk (diameter, 40 cm) equipped with a rod (25 3 1.8 cm). This rod, mounted on the center of the disk, could be rotated 360º around its central axis. Magnets were fixed inside the rod to maintain it in the desired orientation and to prevent involuntary deviation from its position during haptic scanning. A small amount of force was required for its position to be changed intentionally. The rod was fixed directly in contact with the disk. The disk was graduated in degrees (the sensitivity threshold of this display was equal to 0.25º). The rod and the disk were positioned in the frontal plane and were centered on the midline of the subject's body in the upright condition. The height of the disk was adjusted with reference to the subject's height, so that the top of the disk was at the level of the subject's shoulders.
The tilted board. In the tilted positions, the subject lay on his or her side on a wooden board that was 192 cm long, 62 cm wide, and 2 cm thick. It included a footrest at the bottom. A solid framework supported it at a fixed position tilted 45º. In the 45º left-tilted position, the subject lay on his or her left side, and in the 45º right-tilted position, he or she lay on his or her right side on the board. A smooth carpet was fixed on the board, and a cushion was placed under the head of the subject in order to maintain it in line with the trunkthat is, at a 45º tilt from the gravitational vertical.
Experimental Conditions and Procedure
The subject was taken individually into a quiet room, in which he or she was asked to wear a neckbrace in order to prevent head movements and an occluded dark mask on the eyes during the experiment. Each subject was examined in three sessions corresponding to the three postural conditions: UB, BL, and BR. There was about 1 week between the different sessions, and their order was randomized. In each session, each subject was tested in two kinds of tasks: (1) a production task (Phase 1 and Phase 2) and (2) an explorationreproduction task. In total, in one session, the procedure comprised three successive periods: (1) the production task (Phase 1), (2) the exploration-reproduction task, and (3) the production task (Phase 2). A delay of about 5 min was given between these periods.
Production task. The purpose of the production task was twofold. First (Phase 1 of the production task), this task estimated the value of the SV for each subject in each of the three postural conditions (UB, BL, and BR) in order to test further this subjective orientation in the exploration-reproduction task. Second (Phase 2), in order to test the stability and reliability of the subjective orientation, this production task was performed again by each subject, with exactly the same procedure, after the main exploration-reproduction task had been completed.
In the production task, the subject was asked to adjust the rod to the physical vertical. A gravitational definition of the vertical was given: the direction of the rain without wind and the direction of a plumbline. During the adjustment, no time limit was imposed, but the subjects were told that hand movements should be restricted to the rod without touching the disk located below. Eight adjustments to the vertical were performed. The initial rod position was about 25º away from the physical vertical, and the direction (counterclockwise and clockwise) was counterbalanced over trials.
Exploration-reproduction task. The aim of the explorationreproduction task was to investigate the classical haptic oblique effect and to test a body tilt effect on this phenomenon. In this task, a starting verbal signal of the experimenter asked the subject to scan the oriented standard rod (over its full length) haptically with one hand (i.e., to actively move the arm-hand -digit system), with no time constraint. The subject moved his or her hand off the rod when haptic exploration was completed. During the 5-sec unf illed delay, the subject was asked to maintain the hand in contact with his or her abdomen. During this delay, the experimenter modified the rod orientation by ±25º relative to the standard orientation used in the trial. The left /right direction from the standard orientation was counterbalanced between the eight trials performed for each of the five standard orientations tested. A verbal signal indicated the end of the delay and asked the subject to reproduce the orientation previously explored with the same hand (with no time constraint and without feedback).
Five standard orientations (defined gravitationally) were tested with eight trials each: the vertical (0º), the horizontal (±90º), the 45º left oblique (245º), the 45º right oblique (+45º), and the SV estimated previously in the production task and in the same postural condition. The order of presentation of these orientations was randomized for each subject. The rod was polarized; one of its extremities constituted the top, which pointed toward the standard value. For the 90º horizontal standard orientation, it was in fact the 290º (top of the rod in the direction of the 290º value) that was tested and reproduced in the UB and the BL conditions. However, for the BR condition, since the left hand was used (see the Postural Conditions section), the +90º orientation was tested in order to keep the symmetry of exploratory movements between the BL and the BR conditions. The exploration-reproduction task consisted of 40 test trials (5 orientations * 8 trials). Prior to the experiment, a familiarization phase was proposed, during which the subject performed two trials randomly selected from the five standard orientations.
Postural conditions. As was mentioned before, each session corresponded to one of the three postural conditions: UB, BL, and BR. Each session consisted of 56 test trials: (1 orientation in the production task * 2 phases * 8 trials) + (5 standard orientations in the exploration-reproduction task * 8 trials). In total (in the three sessions, corresponding to the three postural conditions), there were 168 test trials per subject. The duration of one session was about 1 h (in total, 3 h per subject). During the UB session, the subject stood upright with his or her back against the wall and was told not to move his or her body and to hold it straight during adjustments (the right hand was used in this condition). A mark on the wall allowed us to control the eventual deviation of the head. During the bodytilted sessions, the subject lay on his or her side on the wooden board, which was tilted at 45º. The position of the head was exactly in the line of the body. The right and the left hands were used in the BL and BR postural conditions, respectively, so that similar (symmetrical) scanning hand movements were produced in the two bodytilted conditions.
Results

Production Task: Stability and Reliability of the Measure of the Subjective Vertical
For each trial, the algebraic deviation from the gravitational vertical was noted. According to convention, deviations to the left (rod turned counterclockwise) were counted as negative, and deviations to the right (clockwise) as positive. In order to determine the value of the haptic SV in each postural condition, the mean algebraic deviations (in degrees) over the eight trials in each postural condition were computed. Therefore, three SV estimations were obtained and used further in the explorationreproduction task as standard orientations in the corresponding postural condition.
In order to test the stability and reliability of the haptic SV, we compared the performances obtained in Phase 1 of the production task (before the exploration-reproduction task) with those obtained in Phase 2 (after the explorationreproduction task) for the three postural conditions. Two main measures were computed: the mean signed errors (or constant errors; MSE) and the mean unsigned errors (MUE). The MSE is the mean of the algebraic differences, in degrees, between the rod adjustment and the gravita-tional vertical calculated over the eight trials. This measure estimates the accuracy of the eventual left /right deviation of the SV relative to the physical vertical. The MUE is the mean of the absolute differences, in degrees, between the rod adjustment and the gravitational vertical calculated over the eight trials. This measure estimates the precision of the adjustments. The results relative to these measures are summarized in Table 1 , but the statistical analysis, which allowed us to test the haptic SV stability assumption, was performed on the MSE only, because it is this value that is kept, for each subject, in the explorationreproduction task. The .05 alpha level was adopted throughout. Post hoc analyses (comparison of each pair of means) were performed by Newman-Keuls test.
Analyses of variance (MSE).
A 3 (body orientation) 3 2 (phase) analysis of variance (ANOVA), with repeated measures on these factors, revealed a significant effect of body orientation [F(2,14) 5 11.529]. As is depicted in Figure 1 , an analysis confirmed the significance of the deviation of the haptic SV in the direction opposite to that of the body (E-effect) in the body-tilted conditions. In particular, post hoc analysis showed that the UB condition (m 5 0.057º) was significantly different from the BL condition (m 5 7.592º) and from the BR condition (m 5 27.559º). The ANOVA did not reveal a significant effect of phase factor [F(1,7) 5 1.686; p 5 .24] or an interaction between this factor and body orientation [F(2,14) < 1].
Analysis of correlations (MSE).
The analysis of correlations (Bravais-Pearson coefficient) on the MSE showed that the haptic SV estimated in Phase 1 was positively correlated with the haptic SV estimated in Phase 2. This strong link was observed whatever the position of the body during the adjustments (for the UB condition, r 5 .70; for the BL condition, r 5 .92; and for the BR condition, r 5 .94).
Exploration-Reproduction Task: The Haptic Oblique Effect
In the exploration-reproduction task, the algebraic deviation between the standard rod orientation and the response rod orientation was noted for each trial. Deviations to the left of the standard orientation (rod turned counterclockwise) were counted as negative, and deviations to the right were counted as positive. In the case of a systematic bias concerning the oblique, an asymmetric effect was expected, since an overestimation of the angle between the 245º oblique orientation and the vertical would lead to negative deviations, whereas an overestimation between the +45º and the vertical would lead to positive deviations. The MUE and the MSE were then computed over the eight trials, for each of the five orientations tested, and for each subject. The results are summarized in Table 2 .
Mean unsigned errors. In order to know whether the classical haptic oblique effect (higher precision in vertical and horizontal orientations than in oblique orientations) was affected by body orientation, we first analyzed the MUE. A 3 (body orientation) 3 5 (rod orientation) ANOVA, with repeated measures on these factors, did not reveal a significant effect of body orientation [F(2,14) In order to test our hypotheses, a set of a priori orthogonal contrasts was tested. It showed that in the UB condition, the oblique effect (0º and 90º vs. Mean signed errors. In order to investigate the eventual existence of systematic deviations from the standard orientations, an analysis was conducted on the MSE. A 3 (body orientation) 3 5 (rod orientation) ANOVA, with repeated measures on these factors, revealed a main effect of body orientation [F(2,14) 5 9.550]. A post hoc test showed that the UB condition (m 5 0.218º) differed Figure 3 ].
Discussion Production Task
The results obtained in the production task (Phases 1 and 2) showed systematic deviations of the haptic SV in a direction opposite to that of the body-in other words, a significant E-effect. This result confirms previous experiments (Bauermeister et al., 1964; Guerraz et al., in press ). The comparison between Phases 1 and 2 showed that the perception of the gravitational vertical in the haptic modality during body tilt-in particular, the E-effect observed in this condition-did not change as a function of test time. Moreover, the high positive correlations found between postural conditions suggest that the haptic SV is also reliable over time, whatever the postural conditions. Therefore, despite the free hand movements during scanning, the haptic SV is a stable measure allowing us to examine the reproduction of this subjective orientation in the exploration-reproduction task.
Exploration-Reproduction Task
The results showed that body tilt had a disturbing effect on the precision of orientation reproduction (MUE)-in particular, on the reproduction of the gravitational vertical and horizontal orientations. As a result, the haptic oblique effect found in the upright posture disappeared when the body was tilted. Thus, body tilts had an effect not only on the perception of the vertical (production task), but also on the reproduction of orientations (exploration- reproduction task). This means that, in tilted postures, gravitational vertical and horizontal orientations seemed no longer to have the role of reference norms, since they were not reproduced better than the 45º oblique orientations. Therefore, the hypothesis of a gravitational reference frame underlying the oblique effect is not supported. Similarly, the results do not favor an egocentric reference frame, since the oblique orientations that were vertical and horizontal by reference to the body axis in a tilted posture were not perceived more accurately than the physical vertical and horizontal orientations. Actually, the results showed that the SV orientation was reproduced more accurately than the other orientations-in particular, in the body-tilted conditions. In these conditions, the SV could constitute a norm axis for a subjective gravitational reference frame that could be especially important when the body is tilted. The analysis of the MSE showed that body tilts tended to increase reproduction errors in the same direction of the body whatever the value of standard orientations. It should be noted that the reverse effect was obtained in the production task when the subject had to adjust the rod to the gravitational vertical: The SV deviated in a direction opposite to that of the body because the rod set to the physical vertical appeared to be tilted toward the body (apparent inclination). Thus, when the subject has to reproduce orientations, body tilts seem to increase this apparent inclination of the rod, since if the apparent inclination were strictly reproduced, no error should be observed. Further studies are necessary to elucidate the origin of this effect.
However, this experiment raises several questions. First, when the whole body was tilted, the arm-handdigit system was rotated, and scanning movements of the shoulder-hand system in this condition were not strictly comparable with those permitted in the upright posture. Moreover, different hands were used in each condition: the left hand in the BR condition and the right hand in the BL condition. This factor should be controlled, although Bauermeister et al.'s (1964) experiment tended to show that this procedure (left hand for BR and right hand for BL) gave rise to comparable deviations in a production task. A second question concerns the role of the vestibular system, as compared with the somesthetic system, in the body tilt effect observed in the reproduction of orientations. When the whole body is tilted, several kinds of proprioceptors normally code the body tilt: the otolith organs in the vestibular system; the cutaneous receptors activated by the change in the distribution of pressure on the skin; the muscular tension, which becomes asymmetrical with respect to the gravitational vertical; and the graviceptive receptors in the trunk, located in the kidneys and the vascular system (Mittelstaedt, 1997) . It would therefore be interesting to restrict the tilt to the head in order to isolate only the information provided by the vestibular system and the neck receptors.
EXPERIMENT 2 Head Tilt Effects on the Haptic Oblique Effect
The main goal of this experiment was to test the tilt effect of the head alone on the reproduction of orientations. Tilting only the head, by contrast to whole-body tilts, allows us to keep the arm-hand-digit system relatively independent from the disturbance caused by the tilt. The same hand (dominant hand) can be used whatever the direction of tilt (left vs. right), and this head tilt prevents the strong asymmetrical somesthetic stimulation of the body below the neck. Thus, head tilt activates mainly the otolith organs, the neck muscles, and the neck joint receptors. Moreover, contrary to what occurs in the whole-body tilt, the trunk remains vertical during head tilt, and as was suggested by Chen and Levi (1996) , it could be used as a reference axis in line with a gravitational reference frame.
Method Subjects
The subjects were 8 right-handed students in psychology (4 females, 4 males; mean age, 25.75 years). Their handedness was assessed by Bryden's (1977) five-item hand preference questionnaire. On the basis of self-report, the subjects had no hearing or vestibular disorders, including diseases with ocular manifestation or motion sickness.
Apparatus
The haptic adjustments were made with the same apparatus as that depicted in Experiment 1. The subjects sat on a chair with an adjustable headrest that could be moved along the tilt axis to accommodate different body sizes. The headrest was padded, could be rotated to 45º left or right, and was aligned with the physical vertical.
Experimental Conditions and Procedure
The subject wore an occluded dark mask on the eyes during the experiment. He or she was sitting. The procedure was the same as that in Experiment 1: It comprised three sessions corresponding to three postural conditions: head to the vertical (HV), head tilted to the left (HL), and head tilted to the right (HR). There was about 1 week between the different sessions, and their order was randomized. In each session, each subject was tested in three successive periods: (1) a production task (Phase 1), (2) an exploration-reproduction task, and (3) a production task (Phase 2). There was a delay of about 5 min between the three periods. As in Experiment 1, a session comprised 56 test trials-(1 [orientation) * 2 [Phase 1 and Phase 2] * 8 trials) + (8 trials * 5 standard orientations)-for a total of 168 test trials per subject. The same hand (the right) was used in all the conditions. As a consequence, for the reproduction of the horizontal orientation, only the 290º orientation was tested.
Results
Production Task
The results are summarized in Table 3 .
Analyses of variance (MSE).
A 3 (head orientation) 3 2 (phase) ANOVA on MSE, with repeated measures on these factors, revealed a significant effect of head orientation [F(2,14) 5 38.419]. As is depicted in Figure 4 , the analysis confirmed the significance of the deviation of the haptic SV in the direction opposite to that of the head (E-effect) in head-tilted conditions. A post hoc analysis showed that the HV condition (m 5 0.007º) was significantly different from the HL condition (m = 7.025º) and from the HR condition (m 5 27.607º). The ANOVA did not reveal a significant effect of phase factor [F(1,7) < 1] or an interaction between this factor and body orientation [F(2,14) 5 1.051, p 5 .38].
Analysis of correlations (MSE).
The analysis of correlations (Bravais-Pearson coefficient) on MSE showed that the haptic SV estimated in Phase 1 was positively and significantly correlated with the haptic SV estimated in Phase 2 for the HL condition only (r 5 .92). The analysis failed to show a significant link between Phases 1 and 2 in the HR condition (r 5 .25) or between Phases 1 and 2 in the HV condition (r 5 2.44).
Exploration-Reproduction Task
The results of the exploration-reproduction task are summarized in Table 4 .
Mean unsigned errors. A 3 (head orientation) 3 5 (rod orientation) ANOVA, with repeated measures on these factors, on the MUE failed to show a significant effect of the head position factor [F(2,14) 5 2.814, p 5 .09]. However, the analysis showed a significant effect of orientations [F(4,28) 5 4.756] . A post hoc analysis revealed that the SV (m 5 2.538º) was reproduced more accurately than the horizontal orientation (m 5 3.795º), the 245º orientation (m 5 4.509º), and the +45º (m 5 4.038º). Only a tendency was observed between the SV and the vertical orientation (m 5 3.404, p 5 .08). The interaction between the two factors was significant [F(8,56) 5 3.785; see Figure 5 ]. A set of a priori orthogonal contrasts was computed in order to test our hypotheses. This analysis showed that in the VH condition, the classical oblique effect was significant [F(1,7) 5 18.354]. This effect was no longer present when the head was tilted [F(1,7) < 1 for both the HL and HR conditions]. By contrast, an SV appeared when the SV was compared with all other orientations in the tilted conditions [F(1,7) 5 6.829 for the HL condition and F(1,7) 5 20.660 for the HR condition].
Moreover, a post hoc analysis did not show, for the upright posture, a difference between 0º and 290º orientations ( p 5 .37) or between 245º and +45º orientations ( p 5 .42). The difference between the SV and the 0º orientation was not significant ( p 5 .73) in the HV condition. The differences between the 245º orientation in the HV condition and the 245º orientation in the HL and HR conditions (see Figure 5) were not significant ( p 5 .31 and .45, respectively).
Mean signed errors. In order to investigate the presence of systematic deviations in the final adjustments, an analysis was conducted on the MSE (see Figure 6) . A 3 (head orientation) 3 5 (rod orientation) ANOVA, with repeated measures on these factors, revealed a main effect of body orientation [F(2,14) The ANOVA also showed an effect of rod orientations [F(4,28) 5 6.588]. The reproduction of the vertical (m 5 21.245º), the 245º (m 5 21.605º), and the SV (m 5 20.267º) orientations led to negative deviations, whereas the reproduction of the horizontal and the +45º orientations led to positive deviations. The difference between the 245º and the +45º orientations was significant, which means that there was a tendency to overestimate the angle between the vertical and these oblique orientations. The difference between the reproduction of the 0º orientation and that of the +45º orientation was also significant. The SV orientation differed from the +45º orientation, but all other comparisons of pairs of means were not significant. Moreover, the ANOVA failed to reveal a significant effect of the interaction between the two factors [F(8,56) 5 1.244, p 5 .29].
Discussion
The results found in the production task have shown that, similar to Experiment 1 when the whole body was tilted, tilting only the head led to systematic deviations in the direction opposite to that of the head (E-effect). The comparison between Phase 1 and Phase 2 has shown a very good stability of the haptic SV during the experiment. However, for unexplained reasons, the reliability was not as good as that found in Experiment 1.
The exploration-reproduction task showed that tilting only the head produced the same effect on the reproduction of orientations as tilting the whole body (Experiment 1). The principal orientations (vertical and horizontal) were affected by head position and were not reproduced better than the oblique orientations (no oblique effect) in the tilted-head postures.
EXPERIMENT 3 Head Tilt Effects on Subjective Orientations
The aim of Experiment 3 was to investigate the head tilt effects on the production of different orientations in the haptic modality (and not only the production of the physical vertical, as in Experiments 1 and 2). Thus, four different orientations were tested: 0º (SV), 90º (subjective horizontal, or SH), 245º, and +45º (subjective obliques). The question was whether the systematic bias in the direction opposite to the body or the head (E-effect) found in Phase 1 of Experiments 1 and 2 was restricted to the vertical orientation or whether other orientations were also influenced by head tilt.
Although the perception of the gravitational vertical and horizontal have been extensively investigated in the visual modality (with rod adjustments), very few data (in particular, see Kerkhoff, 1999; Kerkhoff & Zoelch, 1998) are available on oblique axes. Moreover, to our knowledge, adjustments made by subjects to oblique axes without standard orientations being visible during the adjustment, and the effect of body tilt on this oblique perception have not yet been studied in the haptic modality.
Method Subjects
The subjects were 16 right-handed students in psychology (11 females, 5 males; mean age, 24 years). Their handedness was assessed by Bryden's (1977) five-item hand preference questionnaire. On the basis of self-report, the subjects had no hearing or vestibular disorders, including diseases with ocular manifestation or motion sickness.
Apparatus
The haptic adjustments were made with the same apparatus as that depicted in Experiment 2.
Experimental Conditions and Procedure
The subjects were asked to align the haptic rod to four different orientations: 0º (SV), 90º (SH), 245º, and +45º. The same gravitational definition as that in Experiments 1 and 2 (Phases 1 and 2) was given for the physical vertical. The horizontal was defined as being perpendicular to the physical vertical, and the subject was free to choose the 290º or the +90º orientation. Oblique orientations were defined as being the middle of the right angle constituted by the vertical and the horizontal. Four trials were performed for each orientation, and the order of the different orientations was randomized. The subjects performed this task in three head posture conditions: HV, HL (245º), and HR (+45º). Therefore, the production task comprised 48 test trials (3 head positions 3 4 orientations 3 4 trials). For each trial, the algebraic deviation from the tested orientations, in degrees, was noted. Deviations to the left (rod turned counterclockwise) were counted as negative, and deviations to the right (clockwise) were counted as positive.
Results
In order to test whether the E-effect (deviations opposite to that of the head) was present whatever the value of orientations, an analysis was conducted only on the MSE. A 3 (head orientation) 3 4 (rod orientation) ANOVA, with repeated measures on these factors, revealed a main effect of head orientation [F(2,30) 
GENERAL DISCUSSIO N
In this research, we have studied the effects of wholebody tilt (Experiment 1) and head tilt alone (Experiment 2) on the haptic oblique effect in order to determine the spatial reference frame in which orientations were defined. Body tilt and head tilt uncouple the egocentric and gravitational axes and specify the nature of the reference frame (egocentric vs. gravitational) involved in the oblique effect found previously in haptics tasks involving the exploration-reproduction of orientation. We studied the possible involvement of another reference frame, the subjective gravitational. In a production task, we measured the apparent deviation of the perception of the gravitational vertical-that is, the SV (Experiments 1 and 2, Phases 1 and 2). We further tested the reproduction of the SV in each subject. In addition, in Experiments 1 and 2, the stability and reliability of the haptic SV were assessed, because a previous report had suggested that free scanning of the rod during haptic adjustments led to a high variability of measures. Finally, in Experiment 3, the effect of head tilt on the production of several haptic orientations (vertical, horizontal, and obliques) was also investigated. In particular, the problem was to know whether the deviation of the SV in a direction opposite to the head (E-effect) was restricted to the vertical orientation (as had been found in previous studies) or whether other orientations were also affected by head tilt. In this perspective, a general head tilt effect on all orientations would be another argument in favor of the existence of a subjective gravitational reference frame.
Exploration-Reproduction Task
We shall examine first the body and head tilt effects on the haptic oblique effect tested by the explorationreproduction task. Experiment 1 revealed a clear effect of body position on the haptic reproduction of orientations, and a similar effect was obtained when only the head was tilted (Experiment 2). The classical oblique effect, observed in standing and sitting upright postures, is consistent with previous studies (Gentaz & Hatwell, 1995 . However, this anisotropy disappeared when the whole body or the head alone was tilted in the roll plane. Actually, body or head tilt decreased the precision of vertical and horizontal settings. As a result, the performances obtained in these dominant orientations were at the same poor level as those obtained in oblique ones. Therefore, the results of the two experiments did not support either a pure gravitational or an egocentric reference frame hypothesis but tended to support a "subjective" gravitational reference frame hypothesis.
Indeed, the main result was that the haptic oblique effect was present in tilted postures when all other orientations were compared with the haptic SV. This means that the haptic SV is an important axis, especially in tilted postures, and could constitute a reference norm. This result is not consistent with the apparent gravitational reference frame found in Van Hof and Lagers-van Haselen's (1994) experiment testing the proprioceptive encoding of parallelism. But in this latter study, the method used asked the subject to decide whether two bars grasped simultaneously, one by each hand, were parallel or not. This task was very different from the method used here, which consisted in the encoding and then the reproduction of a given orientation with free haptic exploration of the rod. The forced-choice method, in particular, may not distinguish between a subjective reference frame and a gravitational one, because the subjective frame is closer to the physical gravitational reference frame than to the egocentric one in the 45º body tilt. An additional condition with bars oriented in the direction of the SV of each subject would be necessary to investigate the role of the subjective reference frame in the parallelism discrimination task of Van Hof and Lagers-van Haselen's experiment.
In the present research, the fact that tilting the head alone produced a similar effect as whole-body tilt suggests that the body tilt effect was not due to scanning movements of the shoulder-hand system (which was not the same, for a same orientation, in body-upright and bodytilted conditions) or to a difference in the hand used during adjustments in the two tilted conditions. It means, rather, that the position of the head is crucial not only for the perception of orientation (production task), as was found in previous studies (Guerraz, Poquin, Luyat, & Ohlmann, 1998) , but also for the reproduction of memorized orientations. The vestibular system, the joint, and the neck muscle receptors appeared, therefore, to play a dominant role, as compared with somesthetic cues provided by lower parts of the body (down from the neck).
Moreover, the body (and head) tilt effect on the reproduction of orientations is difficult to explain as being the result of a misperception of body position, since the subject's position did not change between the exploration of the standard rod and its reproduction and apparently no compensation of the body tilt was needed. This is very different from the production task, in which the system had to determine the inclination of the body in order to compensate for it in adjusting the rod to the physical vertical. The tendency of MSE to deviate systematically in the direction of the body or the head suggests that the subjective tilt of the rod during head or body tilt was enhanced (a physically vertical rod appeared tilted toward the head in these postures). An increase in the perceptual overestimation of the body position during the successive operations of the exploration-reproduction task (encoding, memorization, and reproduction) could be responsible for this increase in the apparent tilt of the rod, although previous reports have shown that body tilt effects on the SV (visual E-effect) tended to decrease with time (N. J. Wade, 1970) . Rather, our results are in accordance with Mittelstaedt's (1983) model, in which the SV is computed from a gravity vector and an idiotropic vector, the idiotropic vector having a central origin. However, further experiments are necessary to investigate the eventual change in the perception of body position during the successive operations. Finally, the question remains of knowing at what level of the exploration-reproduction task (encoding, memorization, and reproduction) body and head tilt have an effect.
Production Task
We shall now discuss the effect of body and head tilt on the perception of haptic orientations, as estimated in the production task. The comparison between Phase 1 and Phase 2 (Experiment 1, in particular) has shown a good stability and reliability of the haptic SV. Contrary to a previous suggestion (S. Wade & Curthoys, 1997) , this finding suggests, therefore, that haptic adjustments implying free-scanning hand movements constitute a relatively satisfactory method of measurement. However, it would be interesting to compare different methods of adjustment in upright and tilted conditions-in particular, the proprioceptive coding of orientation and the haptic coding of orientation. These experiments could lead to a better understanding of the processes implied in these respective modalities, and they could determine the best method of estimation of the SV without vision.
The results of Experiment 3 (production task) showed that the E-effect produced by head tilt was not restricted to the haptic perception of the physical vertical but was also at work in the haptic perception of horizontal and oblique orientations. These findings are consistent with the idea that the SV and, to a minor extent, the SH constitute the reference norms of a subjective reference frame. During the head tilt in the roll plane, the entire subjective reference frame appears to be tilted the same amount in a direction opposite to that of the head.
Finally, given the apparent role played by subjective orientations in orientation processing, it would be interesting to test the effect of these subjective orientations in the visual modality. In visual adjustments, a strong link has been found between the deviation of the visual SV during illusory body tilts produced in a centrifuge and ocular countertorsion (S. Wade & Curthoys, 1997) . This could be related to the retinal coding of orientations obtained by Chen and Levi (1996) for the discrimination of parallelism when the ocular countertorsion of the eyes was controlled.
In summary, the present research showed that tilting the whole body or the head alone had a clear effect on the haptic reproduction of orientations. The classical oblique effect observed in the upright posture disappeared in tilted positions, mainly because of a decrease in the precision of the reproduction of vertical and horizontal orientations. In tilted positions, the SV (Experiments 1 and 2) appeared to be processed more accurately than all the other orientations. Thus, haptic orientations seemed to be mapped in neither a gravitational nor an egocentric reference frame but, rather, in a subjective gravitational reference frame.
